Cytochrome P450 CYP1A1 and CYP1B1 enzymes are regulated by the aryl hydrocarbon receptor (AhR), a transcription factor activated by a variety of ligands among which Malassezia metabolites. In this study, we analyzed the modulation of CYP1A1, CYP1B1, and AhR in human keratinocytes infected with different strains of Malassezia pachydermatis, as well as the upregulation of some genes involved in the epidermal homeostasis. We demonstrated that all the strains induced AhR activation and its nuclear translocation in HaCaT cells infected for 24 h, compared to untreated cells. The expression of CYP1A1 and CYP1B1, prototypical markers of the AhR signaling pathway, were upregulated with the level of CYP1A1 mRNA approximately 100-fold greater than that for CYP1B1. Filaggrin, involucrin, and TGaseI, proteins involved in epidermal differentiation, were all modulated by Malassezia pachydermatis strains, with the strongest induction observed for filaggrin. By contrast, quinone oxidoreductase 1 (NQO1), which is part of the antioxidant defense system involved in detoxification, was not modulated in our experimental model. In conclusions, our findings suggest that Malassezia pachydermatis infection of human keratinocytes induces activation of the AhR, and increases the expression of its responsive genes and markers of epidermal differentiation, paving the way for occurrence/exacerbation of pathological skin conditions.
Introduction
Fungi of the genus Malassezia can colonize human and animal skin. Under inadequately understood conditions they cause different kind of superficial mycoses of the skin, hair, and nails. [1] [2] [3] Rare cases of fungemia in people have been attributed to Malassezia pachydermatis for which dogs and cats are natural hosts. 4, 5 Our previous reports demonstrated the ability of Malassezia pachydermatis to infect human keratinocytes and to induce an inflammatory response. 6, 7 We demonstrated by RAPD analysis the presence of four different genotypes among isolates suggesting a possible association between some genotypes and virulence factors expressed by Malassezia pachydermatis strains.
7
CYP1A1 is a member of a multigene family of xenobiotic-metabolizing enzymes with a role in detoxification of polycyclic aromatic compounds, whose activation can be deleterious since it generates mutagenic metabolites and reactive oxygen species (ROS). 8 The induction of CYP1A1 is mediated by the aryl hydrocarbon receptor (AhR) through a cascade of events known as the AhR signaling pathway. 9 AhR is a transcription factor belonging to the basic helix-loop-helix/PER-ARNT-SIM family. 10 It responds to exogenous and endogenous chemicals by regulating the expression of genes involved in toxic or protective pathways. Among AhR ligands are present several hydrophobic environmental contaminants (dioxin and benzo[a]pyrene), phytochemicals, and Malassezia metabolites. 10 Different studies reported the AhR ligands production by Malassezia yeasts. 11 The synthesis of these compounds has been originally associated with Malassezia furfur strains isolated from the lesional skin of patients with seborrheic dermatitis, pityriasis versicolor, or dandruff. 12 All known Malassezia species can produce AhR ligands under certain environmental conditions, when L-tryptophan is used as the single nitrogen source in their medium. Malassezia furfur produces malassezin and other indole derivatives by converting L-tryptophan in culture medium. Since L-tryptophan is present in the sweat, Malassezia is expected to produce these compounds on the human skin. 10 Malassezia furfur species produces the widest array of metabolites.
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Malassezia pachydermatis is also able to produce some of these metabolites (malassezin, indirubin) even though in the lowest amount. 11 In healthy skin AhR interacts with endogenous ligands such as 6-formylindolo [3,2b] carbazole (FICZ) produced by UV-B rays absorbed by free tryptophan in the cytosol of epidermal cells, or kynurenines, generated during tryptophan catabolism. The interaction with these ligands plays an important role in the control of keratinocytes differentiation, skin barrier function and pigmentation. 13 Exposure to environmental toxicants may induce persistent activation of AhR disturbing the skin homeostasis. This leads to reactive phase-I metabolites, the generation of ROS and dysregulation of protein involved in cell division, differentiation, migration, and apoptotsis. All this can cause inflammation and skin cancer.
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Here we evaluated the ability of different Malassezia pachydermatis strains to activate the AhR pathway and its responsive genes, CYP1A1 and CYP1B1, in human keratinocytes, as well as the expression of some genes involved in epidermal homeostasis.
Methods

Fungal strains
Malassezia pachydermatis strains were isolated from auricular swabs of dogs suffering of otitis externa at the Department of Veterinary Medicine and Animal Production, University of Naples "Federico II," Naples (Italy). The strains were cultured onto Sabouraud dextrose agar with chloramphenicol (Oxoid Microbiology Products, Italy) at 30
• C.
They were genetically characterized and grouped in 4 different genotypes, as previously described. 7 Briefly, all the strains were subjected to RAPD analysis using two primers OPA2 and FM1. Isolates with identical banding profiles were regrouped in four different genotypic clusters as reported in Table 1 .
HaCaT cells culture and treatments
Human immortalized keratinocytes (HaCaT) were grown as monolayers in a standard culture medium (DMEM supplemented with 5% fetal calf serum, 2 mM glutamine, 100 IU/ml penicillin, and 100 μg/ml streptomycin) at 37
• C in a humidified atmosphere of 5% CO 2 and 95% air. The medium was changed every 2 days. Semiconfluent HaCaT cells (10 6 /well) were infected with six strains of Malassezia pachydermatis for 24 h at a yeast cell to human keratinocyte ratio of 40:1. To disperse clumps yeast cells were Primer sequences and annealing temperatures are shown in Table 2 . A melting curve was made at the end of each amplification to ensure the absence of nonspecific reaction products. The accuracy of messenger RNA (mRNA) quantification depends on the linearity and efficiency of the PCR amplification. Both parameters were assessed using standard curves generated by increasing amounts of cDNA. Quantification was based on the threshold cycle values, measured in the early stage of the exponential phase of the reaction, and by normalization to the internal standard curve obtained with the housekeeping β-actin, hypoxanthine-guanine phosphoribosyl transferase (HPRT), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes to avoid discrepancies in input RNA or in reverse transcription efficiency.
Immunofluorescence staining
Semiconfluent HaCaT cells (10 6 /well) were grown on coverslips coated with gelatin 2% and infected with Malassezia pachydermatis for 24 h at a yeast cell to human keratinocyte ratio of 40:1. Control cells received any treatment. After 24 h of incubation, cells were fixed with ethanol:methanol (1:1). AhR was visualized using diluted (1:100 in phosphate-buffered saline [PBS]) rabbit polyclonal anti-AhR antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and thereafter an anti-rabbit fluoresceinconjugated antibody (1:200 in PBS containing 0.2% bovine serum albumin) (Jackson Laboratories, Bar Harbor, ME, USA). Coverslips were finally stained with Hoechst 33258, inverted and mounted in Mowiol (Calbiochem, San Diego, CA, USA). Fields were analyzed with a DMBL Leica (Leica) fluorescent microscope using HCX PL Apo 63 × oil and HCX PL Fluotar 100 × oil objectives. Images were captured using DC480 camera (Leica) and acquired using FW4000 (Leica) software.
Statistical analysis
Each experiment was performed at least three times (biological replicate). The results are expressed as mean ± standard deviation (SD (Fig. 2) . Nuclear translocation occurred when cells were infected both with M.p.1 and M.p. 89, which differently induced AhR mRNA. Successively, the mRNA expression levels of CYP1A1 and CYP1B1 were investigated to determine whether Malassezia infection activated the AhR pathway. As showed in Figure 1B , CYP1A1 gene expression was significantly induced in all the treatment, reaching the highest value when HaCaT cells were infected with M.p. 89 (492%), compared with control cells. Similarly, we observed CYP1B1 gene expression induction, even though the induction was not as strong as CYP1A1 (Fig. 1C) .
To assess if the yeast might have a role in the alteration of skin barrier we were prompted to evaluate the modulation of some markers involved in epidermal differentiation. Figures 3A-C Finally, to assess if Malassezia pachydermatis could modulate the antioxidant response in infected HaCaT cells the expression of Nrf2-downstream responsive gene NQO1 was analyzed. As shown in Figure 4 , Malassezia pachydermatis strains were not able to increase NQO1 gene expression. As a matter of interest, NQO1 was strongly down-regulated by Mp27 and Mp89; the same strains induced elevated levels for CYP1A1, involucrin and filaggrin. In bar charts all data are expressed as mean values ± DS (n = 3/group). Significance relative to ctrl is denoted by * P < .05, * * P < .01, and * * * P < .001, Student t test.
Discussion
The results here presented demonstrate that Malassezia pachydermatis modulates the AhR gene expression and its related genes. This was independent from the virulence degree associated to Malassezia strains. 7 The results were corroborated by immunofluorescence assay demonstrating that AhR protein was predominantly observed in the nuclei of infected HaCaT cells, due to translocation of AhR from the cytoplasm to the nucleus, suggesting that the AhR pathway was activated in Malassezia-infected HaCaT cells. Activation of the AhR-signaling pathway enhanced the transcription of its responsive genes that include CYP1A1 and CYP1B1 expression, as observed in infected keratinocytes. The induction was significantly stronger for CYP1A1. Sustained activation of CYP1A1 has been reported in chloracne, a skin pathology characterized by hyperkeratinization caused by exposure to extremely high concentration of dioxins (TCDD), strong activator of AhR. 15 Further work on these issues is currently under way to confirm our hypothesis. Activation of AhR pathway also enhances filaggrin, involucrin, transglutaminase (TGase), typical epidermal differentiation markers, and interleukin 1β (IL-1β) gene expression. 16 To evaluate if Malassezia pachydermatis might influence epidermal differentiation we investigated filaggrin, involucrin and TGase 1 gene expression. We demonstrated that all Malassezia strains could increase filaggrin, involucrin, and TGase 1 gene expression. Filaggrin was strongly overexpressed in all the samples examined with a percentage of increase superior to 100%, compared with control. Noteworthy, we previously reported that the strains used in this study increased the levels of Toll-like receptor 2 (TLR-2), IL-1β, IL-6, IL-8, Cyclooxygenase 2 (COX-2), and matrix metalloproteinases 9 (MMP-9) expression in infected HaCaT cells. 6, 7 Constitutively activated AhR might result in inflammatory skin lesions and tumor formation, through induction of extracellular matrix-degrading (ECM) matrix metalloproteinases, pro-inflammatory and antiapoptotic mediators, such as COX-2 and Il-1β. 13, 14 Thus, on the basis of the results reported here, and our previous researches, we were prompted to hypothesize that Malassezia pachydermatis might activate AhR resulting in inflammation and alteration of epidermal barrier function. In bar charts all data are expressed as mean values ± DS (n = 3/group). Significance relative to ctrl is denoted by * P < .05, * * P < .01, and * * * P < .001, Student t test.
It is known that AhR/ARNT system, other than oxidative stress, mediates antioxidative and protective signaling in response to different ligands such as flavonoids or azoles. 17 To further confirm the pathogenic role of Malassezia pachydermatis we investigated if the yeast could In bar charts all data are expressed as mean values ± DS (n = 3/group). Significance relative to ctrl is denoted by * P < .05, * * P < .01, and * * * P < .001, Student t test.
induce the antioxidant response through the AhR/Nrf2 activation and the Nrf2-downstream responsive gene, NQO1. We demonstrated that NQO1 gene expression was not increased by Malassezia pachydermatis, confirming the absence of a protective response by infected keratinocytes.
In conclusion, our findings suggest that Malassezia pachydermatis infection of human keratinocytes induces activation of the AhR and increases the expression of its responsive genes and markers of epidermal differentiation. Based on the results here presented we cannot confirm if AhR activation is correlated to the release of indolic metabolites by Malassezia pachydermatis. 11 However, a lot of researches support the idea that metabolites by Malassezia spp. are responsible of AhR pathway activation. 11, 12, 18 Further studies are necessary to better investigate this aspect, and if the presence of this zoonotic opportunistic microorganism causes over-expression of AhR responsive genes in Malassezia colonized cutaneous districts, inducing or exacerbating human skin diseases.
